Surface immobilized biomolecular probes are used in many areas of biomedical research, such as genomics, proteomics, immunology, and pathology. Although the structural conformations of small DNA and peptide molecules in free solution are well studied both theoretically and experimentally, the conformation of small biomolecules bound on surfaces, especially under the influence of external electric fields, is poorly understood. Using a combination of molecular dynamics simulation and surface-enhanced Raman spectroscopy, we study the external electric field-induced conformational change of dodecapeptide probes tethered to a nanostructured metallic surface. Surface-tethered peptides with and without phosphorylated tyrosine residues are compared to show that peptide conformational change under electric field is sensitive to biochemical modification. Our study proposes a highly sensitive in vitro nanoscale electro-optical detection and manipulation method for biomolecule conformation and charge at bioÀnano interfaces.
T he responses of biomolecules to external stimuli are the focus of many studies and applications in biomedicine. Physical stimuli, such as mechanical, 1 thermal, 2 optical, 3 and electrical ones, 4 alter and manipulate energy, composition, structure, and conformation and, thus, change and control function and activity of biomolecules. For example, molecular switches can be reversibly shifted between two or more stable states in response to external stimuli, such as force, 5 temperature, 6 light, 7 and electrical potential. 8 Most of the manipulations, especially mechanical and electrical ones, are mediated by a moleculeÀsolid interface. 1, 4, 5, 7, 8 Biological and chemical stimuli, such as pH variation, 9 microenvironment change, 10 and the presence or absence of a ligand, 11 can also induce compositional and structural changes to molecules in a biomimetic system, such that these molecules can act as sensors 12, 13 as long as the intermolecular or intramolecular effects can be detected and reported. On the basis of this idea, various lab-on-a-chip devices 14 have been created, such as DNA, 15 protein, 16 and antibody 17 microarrays, and numerous spectroscopic techniques have been adopted, such as fluorescence, 18 vibrational, 19 and nuclear magnetic resonance, 20 to detect and monitor the conformational change in biomolecules.
In the present study, we employ surfacetethered peptide probes for kinase enzymes to demonstrate in an exemplary fashion electrical manipulation and spectroscopic detection of intramolecular conformational change in the sub-nanometer range possible today. The function of kinases is to activate other proteins through phosphorylation, i.e., through transfer of a phosphate group (PO 3 2À ) from ATP to proteins, usually on serine, threonine, or tyrosine residues. Disruptions of kinase signaling pathways are frequent causes for diseases, such as cancer and diabetes. 21 The various conformations of peptide probes with or without phosphorylation arise from the charges of the ionized phosphate groups added by kinases as well as from the interaction with the charges on the nanostructured surface material. If an electric field is applied across the peptide probes, either phosphorylated or not, the probe's conformation will be altered due to the electrostatic force and the structural difference between a peptide probe with and without a phosphate group will be amplified. In particular, the relative distance between the phosphorylated residue in the peptide probe and the nanostructured surface material will be influenced significantly. In our study, this distance change is detected by a near-field optical detection method, surface-enhanced Raman spectroscopy (SERS), in which the signal intensity is inversely proportional to the 12th power of the distance between chemical analyte and nanostructured metallic surface. 22 To elucidate the actual conformational changes that occur, and to interpret the experimental findings, molecular dynamics (MD) simulations are carried out to visualize the structural dynamics of the attached peptide probes. Through the combined effort of experiments and simulations, we study the details of peptide conformational change on nanostructure surfaces as well as propose a highly sensitive sensor for detecting changes in molecular conformation.
RESULTS AND DISCUSSION
In a previous study, 23 it was shown that a Schottky junction can be formed between adsorbed molecules and a metal surface. The underlying near-field interaction not only is a likely contributing factor for SERS but also modifies the charge distribution of attached molecules. In free solution, charge distribution and conformation of molecules are determined by the ion species and pH value of a buffer solution; however, the strong charge interaction between molecules and a metallic surface 24 provides a route to control the conformation of the molecules by changing the charge distribution of the metallic surface, which is achievable through application of an electric potential. Here, we employ a synthetic peptide sequence and its phosphorylated counterpart as exemplary small molecules as well as a gold surface connected to a dc power source ( Figure 1a ).
The peptide sequence employed (EGIYGVLFKKKC) is a commercially available kinase profiling peptide substrate. 25 The oligopeptide contains a tyrosine at position 4, a target for phosphorylation by Src kinase (Figure 1b ). The N-terminus is labeled with rhodamine 6G (rho) to permit a spectroscopic response. The C-terminus includes a cysteine used to attach the peptide to the gold surface through a goldÀthiol bond (see Methods). The gold surface, as the bottom electrode, is connected with an indium tin oxide (ITO) top electrode through a dc power source to form a parallelplate capacitor. By applying a dc voltage to the capacitor, the gold surface is biased positively or negatively with measurable charge densities (Figure 1c,d) . The non-phosphorylated sequence used here is nearly neutral in buffer solution. Phosphorylation of peptides with isoelectric point pI > 7.0 usually results in a large shift of pI to lower values, 26 and in the present case, the phosphate group added to the tyrosine at position 4 introduces a net negative charge of À2e; therefore, the peptide conformation becomes responsive to the surface charge. On a positively charged metal surface with electric field pointing toward the top ITO electrode, the non-phosphorylated peptides experience minimal conformation change (Figure 1c ), while the phosphorylated ones bend toward the gold surface ( Figure 1d ).
The conformational changes mentioned above can be experimentally detected in situ by monitoring SERS signal changes under different electric fields. The distance change between the free end of the peptide and the gold surface, reflecting peptide stretching or coiling, can also be captured from the different measured SERS signal intensities. To enhance this spectroscopic signal, we employ a high-quality gold-coated SERS substrate as shown in the schematic drawing and SEM image (Figure 2a,b) . This device is a high-density silicon nanocone array coated with gold nanoparticles (GNPs). The silicon nanocone array is fabricated by a simultaneous bottom-up and top-down process ARTICLE discussed in a previous publication. 27 The GNPs are created by an e-beam evaporation process. Due to the large slope of the sidewall (>75°), instead of forming a uniform layer of gold film, the deposition of gold on the silicon nanocone surface follows a kind of VolmerÀ Weber growth, forming isolated nanoparticles of around 50 nm in diameter. 28 The GNPs on the nanocone surface form two types of nanogaps: (i) internanoparticle gaps on single nanocones and (ii) internanocone gaps between nanoparticles on adjacent nanocones. Thus, compared with conventional twodimensional metallic nanoparticle arrays, the present device has a much higher SERS hot-spot density, resulting in much higher SERS sensitivity. In a previous study, 29 we have demonstrated similar substrates with an enhancement factor of 10 8 À10 9 to Raman signals. Figure 2a illustrates our phosphorylated pepti-deÀGNP conjugation system at the nanoscale. An enhanced localized electrostatic field pointing in two opposite directions can be formed by cumulated negative or positive charges on each individual GNP surface ( Figure 2c ). The strength of the electrostatic field can be controlled by changing the size of the GNPs (Figure 2d ). The electric field component orthogonal to the gold surface induces, depending on sign, stretching or coiling of the phosphorylated peptides (Figure 2a ), which attenuates or amplifies the SERS signal following the aforementioned 12th power law. Conversely, non-phosphorylated peptides carrying no extra charge should contribute with a constant, namely, field-insensitive Raman scattering signal.
In order to visualize the molecular processes on the SERS substrate surface at the atomic scale, we carried out molecular dynamics simulations as described in Methods, employing the simulations as a computational microscope. 30 In a MD simulation system of a 5 Â 5 peptide array on a 10.2 nm Â 10.2 nm area, the gold surface is assumed to be planar, as shown in Figure 1a . The MD simulations clearly revealed that conformational changes of a single peptide are induced by external electric fields, providing theoretical support for the mechanism discussed above, as well as offering ARTICLE explanations for the spectroscopic data presented below.
We first tested the Raman profiling capacity of the SERS substrate (see Methods for instrumentation; see Supporting Information for experimental setup). We found that Raman signals of rho molecules and surface-tethered peptides, indeed, were greatly amplified, easily detectable, and unambiguously discernible ( Figure 3 ). Figure 3a shows the representative SERS spectra of rho molecules at different concentrations, corresponding to the molecular monolayers with different surface coverage ratios. The relative intensities of SERS signals decreased linearly with serially diluted rho solutions; 31 however the primary Raman peak signature of rho was still clearly identifiable at a concentration as low as 1 pM (1 part per billion) level, indicating the ultrahigh sensitivity of the SERS substrate. This prompted us to test whether the substrate is sensitive enough to distinguish the rho molecules, rho-labeled phosphorylated peptides (rho-EGI(pY)-GVLFKKKC), and rho-labeled non-phosphorylated peptides (rho-EGI(Y)GVLFKKKC). As seen in Figure 3b , compared with the spectrum of rho molecules, some additional Raman peaks appeared in the peptide SERS spectra. We also found that specificity and magnitude of SERS signals were significantly altered between the phosphorylated and non-phosphorylated states (see Supporting Information for band assignments and analysis). Other peptide sequences, including ones previously used in tyrosine-kinase assays (IYGEFKKKAAC) 32 or known as regulatory sites of oncogenic Src kinases (IEDNEYTARQGGC), were tested and reported in previous work. 33, 34 Altogether, the experiments confirmed that our substrate is sensitive enough to capture a SERS signal difference due to a change in peptide phosphorylation state.
As illustrated in Figure 1c ,d, application of an electric field orthogonal to the nanochip should bend the peptides toward the gold surface or stretch them away from it. Due to the charge 24 or electromagnetic 35 coupling effect, the SERS signal is very sensitive to the distance between peptides and the gold surface, 22 and a significant SERS variation is expected for even a slight conformational change. The averaged SERS spectra for non-phosphorylated and phosphorylated peptides are shown in Figure 4a and b, respectively. The spectra were measured under 0, (1.2 V conditions. For the non-phosphorylated peptide probe, the SERS signal intensity did not register an observable change under different voltage conditions; however, for the phosphorylated peptide probe, the SERS signal intensity exhibited a significant change, namely, a higher signal for positive electric field and a lower one for negative electric field. The standard deviation around the mean (area plot under SERS spectra) is less than 10%, demonstrating the systematic character of conformational changes under electric field conditions. The averaged SERS spectra under 0, (1.2 V conditions are shown color-coded at the top of Figure 4c and d for non-phosphorylated peptides and phosphorylated peptides, respectively. The color coding allows rapid visual assertion of similarities and/or differences of SERS signals in side-by-side comparison. As one can see in Figure 4c , in the case of non-phosphorylated peptides, the three spectra are extremely similar in peak (red) and valley (green) locations and intensities. However, in Figure 4d , a clear difference in the color pattern can be discerned in the case of phosphorylated peptides with a mostly red (high intensity for þ1.2 V) and green (low intensity for À1.2 V) SERS profile. The similarities and/or differences can be further confirmed by calculating the Log2-fold variation of the SERS signal at (1.2 V relative to the original 0 V state, as can be seen in the bottom two lanes of Figure 4c,d . For non-phosphorylated peptides, the variations are Table S1 in the Supporting Information. The spectra are equally offset in the plot in order to display all spectra clearly.
ARTICLE
within (σ (standard deviation) bounds, actually close to 0 at most Raman shifts. In contrast, for phosphorylated peptides the Log2-fold variations under þ1.2 V are close to þ1.5σ (red color) at most Raman shifts, and those under À1.2 V electric field are close to À1.5σ (blue color).
The above results demonstrate that the presence or absence of phosphate groups on peptide probes is easily identified spectroscopically on the metallic nanosurface through SERS signal amplification or attenuation. MD simulations were performed to validate the interpretation of SERS signals at atomic resolution. However, such simulations suffer from a limitation in the accessible time scale. Current simulations cover typically only hundreds of nanoseconds, which is not long enough to explore low voltageinduced bending/stretching of peptides. To circumvent this problem and speed up the molecular responses, high-voltage biases were employed (the issue is discussed further below). In the simulations we also chose to describe the gold surface to which the peptides were tethered as planar, while it actually has some degree of curvature ( Figure 2 ). On the scale of the 10.2 nm Â 10.2 nm area simulated, it is reasonable to assume a planar surface considering the much larger size (50 nm) of a single GNP (Figure 2b) . Other limitations intrinsic to our MD simulations are force field quality and system size simulated. 36, 37 Even though the outcome of MD studies is affected by those limitations, the MD simulations carried out should provide a ARTICLE valuable qualitative description of the peptide dynamics experienced by the real device. 30,38À40 We simulated two systems, each system composed of 25 peptides, the peptide sequence being the same as in the experiments. The C-terminus was attached to the gold surface, while the N-terminus was linked to a rho molecule. The sole difference between the two systems simulated is the phosphorylation of the tyrosine residue at position 4 (details are described in Methods). We applied external electric fields and monitored the conformation of the peptides. Initially, (6 V voltage biases were applied. Figures 5a,b show the average distance between the planar surface and the phenol oxygen of tyrosine for non-phosphorylated and phosphorylated sequences. The non-phosphorylated peptides are insensitive to the applied biases. For the phosphorylated peptides, we observed a small response for different voltage polarities. In order to speed up the response we increased the bias to (60 V. In an additional calculation (see Figure 2c,d) , we established the electric field around an actual GNPcoated nanocone surface, expecting that the field is not spatially homogeneous. We found that the electrostatic field focuses near the surface of the GNPs, giving rise to a high-field gradient near the peptides, the value of which corresponds roughly to the field arising near a flat model surface at (60 V biases. This result suggests that the high bias assumed in the simulation may actually reflect values near the tethered peptides. Figure 5c,d show the distance between tyrosine and gold surface for (60 V biases for non-phosphorylated and phosphorylated sequences. For non-phosphorylated peptides, the results for (60 V (Figure 5c ) are similar to the results for (6 V (Figure 5a) ; that is, the degree of peptide stretching is not affected by the applied field. Conversely, conformations of phosphorylated peptides depend on the voltage polarity. It is evident from Figure 5d that tyrosineÀgold distances converged to either complete stretching (À60 V, red line) or complete bending (þ60 V, blue line) values. Figure 5i and ii present snapshots of the final conformation after 5 ns of MD simulations. The negative charge of phosphorylated tyrosine influenced the peptide conformation, inducing stretching for negative voltages (Figure 5i ) and coiling for positive ones (Figure 5ii) . A movie showing dynamic bending and stretching of the phosphorylated peptides is provided in the Supporting Information.
MD simulations confirmed the key interpretation of SERS spectra given above, namely, that phosphorylated peptides change their conformations under applied electric fields, while non-phosphorylated peptides remain insensitive to such fields. The MD results suggest, therefore, that the peptide-conjugated nanosurface we created is an ideal electrophotonic molecular conformation sensor to detect phosphorylation and, thus, capture protein kinase activity.
The MD simulations revealed also possible impediments to sensor performance; this information can be used to optimize sensor characteristics. First, we observed in all simulations aggregation of rho residues into dimers and trimers (Figure 6a ). Even though The peptides are colored in gray, and tyrosine residues in red. Rhodamine residues are not shown. The 25 peptides were aligned using the attaching gold atom, shown in yellow. Grid spacing is 1 nm. ARTICLE clotting of rho does not affect peptide stretching, it does reduce the accessibility of tyrosine residues, which is of critical importance for a functional device. Second, simulations showed that the three lysines at positions 9 to 11 (see Figure 6b ,c) are actually not required in our device; in microfluidic electrophoresis uses of the peptides, these positively charged lysines drive the non-phosphorylated peptides in the opposite direction from the negatively charged phosphorylated ones. 25 The MD results suggested then two improvements of the peptide used. First, the rho residues should be removed to avoid aggregation. Fortunately, rhodamine end groups are not required, as the spectroscopic signal depends on SERS and not on metal-enhanced fluorescence. Second, the lysine residues should be replaced by small, noncharged residues, as the aliphatic lysine tails adhere to the gold surface as well as to other peptide residues. Accordingly, we propose, based on the MD results, the modified sequence EGIYGVLAAAAC, which preserves the active sequence positions 1 to 7 (EGIYGVL), removes rho, replaces lysines with alanines, the later one being small residues that do not bind gold, 41 and replaces phenylalanine at position 8 by alanine. The proposed sequence was tested using MD simulations at (60 V. The simulated response is optimal: non-phosphorylated peptides are insensitive to voltage biases (Figure 6d) ; phosphorylated peptides respond sensitively to voltage polarity ( Figure 6e ). The suggested sequence still needs to be bench-tested for SERS, but if it were successful, it would overcome shortcomings of the initial design.
CONCLUSIONS
We studied the electrostatic interaction between surface-tethered peptides and a metallic nanosurface. By altering the surface charge polarity and electrostatic field near the surface, we were able to induce peptide conformational changes, i.e., stretching or coiling. The sub-nanometer conformational change was greatly amplified and measured by a distance-dependent near-field optical detection method, surface-enhanced Raman spectroscopy. This method was shown to also clearly identify the phosphorylation state of the peptide probes through SERS signal variations upon application of different polarized electric fields. The method is sensitive enough to permit reliable identification of other charge-related biomolecule conformations on metallic nanosurfaces. The peptideÀsurface interactions underlying the method were elucidated at the atomic level by MD simulations, which support the interpretation of our SERS spectroscopy results. MD simulations also suggest a new peptide sequence to further improve the performance of the suggested device. The experimental and simulation results of our study establish a proof-of-concept for novel nanophotonic peptide phosphorylation sensors to be employed for high-throughput, high-sensitivity kinase METHODS SERS Substrate Fabrication. The photolithography pattern is created on a polished 4 in. silicon wafer surface with rectangular dies of 18 mm Â 24 mm size; subsequently, the wafer can be diced off, allowing each die to become a sensor attached to a standard 25 mm Â 75 mm biological glass slide. The active area on each sensor is a 5 Â 5 square array of 1.5 mm Â 1.5 mm size. High-density nanocones were formed inside the squares to form an active sensor surface. The method to furnish nanocones, simultaneous plasma-enhanced reactive ion synthesis and etching (SPERISE), has been introduced in a previous publication. 27 Finally, 5 nm titanium and then 80 nm gold were deposited on top of the nanocone structures using e-beam evaporation to obtain the plasmonic property needed for spectroscopic enhancement. Instead of producing a single coating, the gold atoms tend to aggregate to isolated gold nanoparticles of 5 to 50 nm diameter (Figure 2b) ; the GNPs spread regularly around the entire nanocone tip and sidewall, allowing the sensor to exhibit uniform spatial detection.
Peptides and Rhodamine Samples. Two sets of synthetic peptides were employed: rho-EGI(Y)GVLFKKKC and rho-EGI(pY) GVLFKKKC. Both sets of peptides contain N-terminal-bound rhodamine 6G fluorophores. All peptides were obtained as >95% purified samples. The peptide solution at 1 μM concentration was prepared in water with DMSO or other agents and mixed with a small amount of dithiothreitol. Rho solutions in the concentration range 1 pM to 100 μM were prepared by serial dilution of a measured amount of rho powder purchased from Sigma-Aldrich Corporation.
Immobilizing Peptide Probes. The peptide probes were immobilized on the gold-coated SERS substrate surface via gold Àthiol bonds formed between their C-terminal cysteine and gold atoms. Droplets of 1.5 μL of phosphorylated and nonphosphorylated peptide solution were separately spotted on the substrate surface. A small amount of dithiothreitol (Sigma Aldrich) was added into the peptide solutions to prevent disulfide bond formation between two peptides. To ensure the peptide bonding, the substrate was sealed in a Petri dish and incubated at 310 K and 100% humidity for about 24 h. After incubation, the substrate was thoroughly washed and cleaned with distilled water to ensure that all free peptides and other agents were completly removed from the surface.
SERS Measurement. All SERS spectra were taken with a sample-scanning Raman spectrometer system as described earlier. 34 The system comprised a semiconductor 785 nm CW diode laser, a microscopy system, a 3D scanning stage, and a thermoelectric-cooled (183 K) CCD camera (PIXIS-400, Princeton Instruments). The spectral resolution was approximately 1.5 cm À1 in the near-infrared range. A 10Â microscope objective lens (Mitutoyo infinity-corrected long working distance objectives) with an effective focal length of 20 mm and diameter of 24 mm was used to focus the excitation laser beam onto the sample and to collect the backscattered radiation.
Atomic Level Models. The atomic level systems modeled in MD simulations were composed of the gold surface, 25 peptides, water, and ions and comprised about 111 000 atoms. The gold surface assumed corresponds to a face-centered cubic (fcc) gold slab of 10.2 nm Â 10.2 nm horizontal area and 2.5 nm height, exposing the {100} crystal face to the solvent. The peptide sequences were attached to the gold surface through their cysteine group via a SÀAu covalent bond. The starting conformation of the peptides was random coil; that is, there was no defined initial secondary structure. Twenty-five peptides were attached to the gold surface, conforming to a 2 nm Â 2 nm square grid. The final peptide concentration was about 2.4 peptides nm À2 , the concentration expected for a 1 μM solution, as employed in the experiments. After attaching the peptides to the surface, the system was solvated using a 9 nm Â 9 nm water box; to neutralize the system, either Na þ or Cl À ions were added.
Force Field Parameters. The force field parameters for peptides and ions were taken from the CHARMM force field, 42À44 and the TIP3P model was used for water. 45 Gold parameters were adopted from two references: bonding terms involving gold and cysteine were taken from Bizzarri et al., 46 namely, bond (AuÀS), angle (AuÀSÀC), and dihedral (AuÀSÀC-C) terms; nonbonding terms for gold surface atoms were taken from Heinz et al., 47 the latter terms accurately reproducing, through a Lennard-Jones potential, the interface properties of fcc crystals. Rhodamine parameters were taken from Vaiana et al. 48 The peptide bond between rho and the N-terminus of the peptides was described by homology using model compounds from the CHARMM force field.
MD Protocols. MD simulations were carried out using the program NAMD 2.7. 36 Detailed MD protocols are described elsewhere 36, 37 and briefly summarized below. Simulations were performed assuming periodic boundary conditions, a 1 fs time step, the particle-mesh-Ewald method for long-range electrostatics and van der Waals interactions with a cutoff of 12 Å, and a switching function starting at 10 Å. Temperature was maintained at 300 K using a Langevin thermostat. For MD simulations performed in the NpT ensemble, a hybrid Nosé-Hoover Langevin piston was used to maintain pressure at 1 atm.
The systems were equilibrated as follows: Systems were minimized for 2000 steps and then equilibrated in the NpT ensemble for 3 ns with the gold, peptides, and rhodamine structures constrained using harmonic forces with a spring constant of 10 kcal mol À1 Å À2 . Subsequently, constraints were applied only to the gold structure, and the systems were equilibrated for 1 ns in the NpT ensemble, followed by 1 ns of simulation in the NVT ensemble. The last frames of the MD equilibrations were used as starting structures for voltagebiased simulations under NVT conditions. Voltage biases were applied along the z-axis chosen normal to the gold surface. A positive voltage induces cations to move upward, i.e., in the þzdirection.
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